The paper documents the development of the available information for the thermal conductivity offluid H 2 0 since the promulgation ofthe first international formulation for the transport properties of water substance in 1964. As a result of this development, the International Association for" the Properties of Steam has adopted new recommended interpolating equations for the thermal conductivity of fluid H 2 0 at pressures up to 100 MPa and at temperatures up to 800 0c. These new international equations are discussed.
Introduction
During the past five decades, steps have been taken to formulate and standardize values for the thermophysical properties of water and steam (water substance) through a series of international conferences on the properties of steam. Since 1968 these activities have been and continue to be directed and coordinated by the International Association for the Properties of Steam (lAPS).
The first international formulation for the transport properties of water substance was completed in 1964 by a panel elected for the purpose by the 6th International Conference on the Properties of Steam held in 1963. K '(1",,0) 1964 was based on the information available at the time.
Since then a considerable body of new experimental data for the transport properties of water substance has become available. This new information makes it possible to repair deficiencies in the first formulation, to extend the range of pressures and temperatures, and to reduce the "tolerances" that indicate the experimental uncertainties in the values of the transport properties of water substance. In view of these considerations, the 8th International Conference on the Properties of Steam, held in 1974, resolved that the international formulation for the transport properties of water substance had become obsolete and that it should be replaced with a revised and updated formulation. A Special Committee, with J. Kestin as chairman, was created for the purpose of completing a new formulation for the viscosity and the thermal conductivity of water substance. The Special Committee consisted of representatives from the Federal Republic of Germany, France, Japan, the United Kingdom, the USA, and the USSR. The names of the committee members are listed in Appendix IF. The Special Committee met in Schliersee, Germany, April 1975 , in Otta-wa, Canada, September 1975 , in Kyoto, Japan, September 1976 , in Providence, Rhode Island, USA, May 1977 , and finally in Moscow, USSR, September 1977 . Based on the recommendations of the Special Committee, lAPS issued a document entitled "Release on Dynamic Viscosity of Water Substance" in 1975 and a document entitled "Release on Thermal Conductivity of Water Substance" in 1977. MI The tables and equations for the transport properties contained in the releases issued in 1975 and 1977 were to be used in conjunction with the IFC 67 and IFC 68 formulations for the equation of state mentioned above. However, the 9th International Conference on the Properties of Steam, held in 1979, empowered the Executive Committee of lAPS to take steps to replace the IFC 1968 Formulation for the Thermodynamic Properties of Water Substance for Scientific and General Use with a new formulation for the thermodynamic properties. As· a consequence of this decision, lAPS adopted in 1982 a new formulation, designated as the Provisional lAPS Formulation 1982 for the Thermodynamic Properties of Ordinary Water Substance for Scientific and General UseY For the sake of brevity, we shall refer to this new formulation for the thermodynamic properties as the lAPS 82 formulation. At the same time, lAPS issued amend-ed releases for the transport properties of water substance so as to make the international formulations for the transport properties fully consistent with the new lAPS 82 formulation for the thermodynamic surface.
The releases on the dynamic viscosity of water substance have been discussed earlier in this journal. NI ,S2 It is the purpose of the present paper to give a complete description of the new formulation for the thermal conductivity of water substance and to give an account of the information that led lAPS to adopt this new formulation. A verbatim copy of the Release on Thermal Conductivity of Water Substance issued in 1977 and amended in 1982 is incorporated in this paper as Appendix I.
Survey of Experimental Information

General Comments
Three major experimental methods have been used for measuring the thermal conductivity of water and steam: the hot-wire method, the concentric-cylinder method, and the parallel-plate method. In the hot-wire method, a platinum wire, located at the axis of a cylinder containing the fluid, is heated; the heating can be performed either in a steady state or in a transient mode of operation. In the concentric-cylin~ der method, the fluid is enclosed between two coaxial cylin-. ders with different temperatures located usually in a vertical position; during the experiments, heat flows from the inner cylinder radially toward the outer cylinder. In the parallelplate methods, the fluid is contained between two horizontal plates heated from above. For a detailed description of these experimental methods, the reader is referred to articles by Leidenfrost LI and Ziebland. zl More recently, Grigijll and co-workers have determined the thermal conductivity of fluids, including water, by measuring the transient tempera-. ture distribution in the fluid with optical interferometry.BI,B2
There are a number of complications that limit the accuracy ofcxpcrimc;ntal thermal conductivity data. These include convective and radiative heat transfer in the fluid, temperature jumps at the solid-fluid boundaries, parasitic heat transfer via heat leaks, contamination of the fluid or of the solid surfaces during the experiments, and deviations from the idealized temperature distribution assumed in the working equations. A discussion of some of these factors, as they pertain to the measurements of the thermal conductivity of steam, was prepared for lAPS by LeidenfrostL 2 and by Vargaftik. v1
,..
As a consequence of these difficulties,discrepancies between data from different sources are often found. Hence, as a first step, the Special Committee was faced with the task of judging the quality and reliability of the available experi~ mental information. This task led to the adoption of a primary experimental d~ta set on the basis of which the new formulation for the thermal conductivity of water substance was developed. This primary experimental data set, referred to by the Special Committee as the "International Input," is presented in Table 1 . This table contains the references of the data sources, the experimental methods by which the data were obtained, the regions (liquid region or gaseous region) as well as the ranges of pressures and temperatures of the data and the evaluated uncertainty assigned to the data. A complete listing of all experimental data of the International Input is contained in a report prepared by a group at the Technical University of Munich. 56 In evaluating the experimental literature, the Committee has also benefited from a review prepared by Tarzimanov. no 
Thermal Conductivity of Water Vapor and of Steam at Low Pressures
The experimental literature concerning the thermal conductivity of steam at low and moderate pressures has been reviewed by Brain B4 and by Vargaftik. VI In developing the first international formulation for the transport properties of steam, the panel, elected for the purpose by the 6th International Conference on the Properties of Steam, had been confronted with a s.erious discrepancy that appeared to exist between the thermal conductivity data reported by Vargaftik and co-workers in the USSR on the one hand and the results found by Keyes and Sandell in the USA and by Geier and Schafer in Germany on the other hand. K1 The resolution of this problem has been discussed by Brain B4 and the Committee agreed with the conclusions reached by Brain. It acc~pted the extensive body of thermal conductivity data for steam reported by Vargaftik and co-workers,TI,V2,V3,V4,VlO the data of Venart Vll and the data of Brain. B3,B4 The data of Keyes and Vines K2 supersede the data of Keyes and Sandell. K3 The Committee rejected the data of Geier and Schafer. G1 Additional evidence that the data of Geier and Schafer are too low was subsequently provided by Zimina and Kunitsa. Z2 The measurements of Vines V8 at 270 and 560°C were retained, but it was realized later that his data point at 560 °C has an error of about 4%.B4,Vl Baker and Brokaw B6 measured the thermal conductivity of atmospheric steam between 380 and 525°C; their data are in satisfactory agreement with those ofVargaftik et aZ. The above-mentioned information for the thermal conductivity of steam at low pressures was supplemented with new experimental data subsequently obtained by Le Neindre and co_workers,B5,L6, L7 Tarzimanov et aI., M3, T7 and Vargaftik et al. vl2 Reliable information· concerning the thermal conductivity of water vapor below 100°C is very limited. The major source of information is the work of Milverton published in 1935. M2 In addition, Timrot and V argaftik Tl,V3 have reported some data for water vapor between 69 and 100 °C while Fox et al. FI obtained some relative thermal conductivity values for water vapor at 79 and 100°C. It is generally believed that the measurements of Milverton were influenced by temperature jump effects. However, because of the limited information for the pressure dependence of the thermal conductivity of water vapor, the data of Mil vert on were retained in the International Input. In practice, we assigned an uncertainty of 2 % to the data of Milverton, but deleted 21 data points corresponding to pressures below 10 cm Hg, where the effect of a temperature jump is most severe.
Thermal Conductivity of Steam at Elevated
Pressures
The thermal conductivity of steam at elevated pressures has been measured by Vargaftik and co_workers,T2,V5,V7 Tarzimanov and co-workers, T4,T6,T7 Amirkhanov and coworkers, A2,A3,A4 Vukalowich and Cherneeva, V9 Keyes and Vines, K2 Venart, VII Le Neindre and co-workers, B5,L6,L7 Sirota and co_workers,85,57-514 Minamiyama and co-workers,M5,Y2 and Tsederberg and co-workers. T9 The earliest work of Vargaftik V13 gives thermal conductivity data at pressures up to 28 bar only. In the work of Timrot and Vargaftik,T2 the thermal conductivity was: meaS:lln~d M pres:sures up to 300 bar and at temperatures from 256 to 524°C; however, the data at the higher temperatures were judged to be less accurate and the Committee retained only the data below 400 0c. The experimental temperature and pressure range was subsequently extended by Vargaftik to 725 °C V5 and to 500 bar.v7 Keyes and Vines K ') measured the thermal conductivity of Rtearn from 140 to 3&0 "C at pres.s.ure~ up to 200 bar. Venar1 V11 measured tht thermal conductivity of steam at temperatures up tn nbout 200 "C and pressures up to 300 bar, although thf Cormnill~~t; retained in practice only four of Venart's dUll! POiill!\ HI tttmospheric pressure. The pane1 that prcpancd nw Ht'~t formulation had relied heavily EOUATIONS FOR THE THERMAL CONDUCTIVITVOF WATER SUBSTANCE 897 on the measurements of Amirkhanov and AdaIIiov A2 for the thermal conductivity of supercritical steam. Subsequent information has indicated these data to be less reliable. The Committee retained only the more recent work 'of Amirkhanov and co:.workers covering pressures up to 2500 bar but only for water at subcritical temperatures. Al The more recent data of Amirkhanov and co-workers A4 for steam up to 2500 bar arrived too late to be included in the International Input. The data of Vukalowich and Cherneeva V9 were assigned a somewhat larger uncertainty than those ofthe other investigators; they cover pressures up to 1500 bar and temperatures up to 655 DC, but it was decided to omit the data at pressures beyond 490 bar. The data ofTarzimanov and co~ workers T4,T6,T7 cover: pressures up to 1000 bar and temperatures up to 550 DC, while those of Le Neindre and co-workers B5 ,L6,L 7 'cover pressures up to 500 bar and temperatures up to 515 DC. The Committee encountered difficulties in making an assessment of the thermal conductivity Qf steam at high pressures at temperatures above 500 DC. The data of Tarzimanovand co-workers up to 650 bar refer to temperatures below 550 DC and those up to 1000 bar to temperatures below 500 DC. The work of Minami yam a and Yata M5 ,Y2 covers pressures up to 1470 bar but temperatures below 420 DC. In 1977, the Committee received a set of data from Tsederberg and co-workers T9 which covers pressures up to 980 bar and temperatures up to 800 DC. Although the Cdmmittee at that time had almost completed its work 'in developing a new thermal conductivity formulation, the absence of other reliable data in this region of high pressures and temperatures made it desirable to add the data of Tsederberg et al. to the International Input. ,
In order to obtain a reliable formulation for the thermal conductivity, it was necessary to pay special attention to the behavior of the thermal conductivity in the critical region. When the first thermal conductivity formulation was considered in the sixties, it had been established that the thermal conductivity of gases like carbon dioxide exhibits a critical enhancement in a large range of temperatures and densities around the critical point. M7 ,SI5,SI6 However, no comparable experimental information for a critical enhancement in the thermal conductivity of steam was at that time available. K 1 That the thermal conductivity of steam does exhibit a critical enhancement of a magnitude similar to that observed for other fluids was first demonstrated by Le Neindre and coworkers. L7 The effect was investtgated subsequently in great detail and with considerable accuracy by Sirota and coworkers.87-8I4 With the aid of the new data supplied by Siruta et ui.,s':; the Cummittee was able to make an assessment of the divergent behavior of the thermal conductivity near the critical point.
Thermal Conductivity of Water
The thermal conductivity of water at atmospheric pressure or uudel-its own vapor pn::ssure at temperatures up to 100 DC has been studied by many investigators over many years. The experimental literature on this subject prior to 1958 has been discussed by Powell in a comprehensive review. PI Challoner and Powell made an accurate study of the thermal cQnductivity of water between 0 and 80 DC with a parallel-plate apparatus. CI The data of Challoner and Powell were judged to supersede most of the previous data in this temperature range. An apparent anomalous behavior of the thermal conductivity of liquid water between 35 and 40 DC reported by Frontasev F2 was also shown to be spurious by Powell and Challoner. P2 Among the data reported prior to the work of Challoner and Powell, the Committee retained the measurements of Schmidt and Sellschopp,s3 of Schmidt and Leidenfrost,84 and of Tim rot and Vargaftik. T3 A more recent comprehensive study of the thermal conductivity of water between 20 and 90 DC was made by Bach and Grigull with the aid of optical interferometry.Bl Of special interest are the values of the thermal conductivity of liquid wat,er at 0 and 25 DC as possible reference values. The first international formulation assigned to the thermal conductivity Aof water at 0 DC and 0.1 MPa the value A-= 0.569 W m -I K -1 and Takizawa et al. T8 have also reported a val-ueA-= 0.568 Wm-1 K-I for water at 0 DC. However, Tarzimanov TlO pointed out that the values assigned by the first formulation to the thermal conductivity of water at room temperatures and below are slightly too large. The work of Challoner and Powell indicates a lower value of A-= 0.561 Wm-I K -1 for water at 0 Dc.C1,PI Also from recent work of Jamieson Jl at the National Engineering Laboratory in the United Kingdom it is concluded that A = 0.561 Wm-I K-I ± 0.5% for water at o DC, in good agreement with the results of Challoner and Powell. Fritz and Poltz F3 made an accurate experimental measurement of the thermal conductivity of water at 25 DC and found A-= 0.608 Wm-I K-I ± 0.5% at this temperature. Nevertheless, because of the spread between data of different authors, the Committee was unable to agree on an absolute accuracy better than 1.5% for the thermal conductivity of water at these temperatures.
The thermal conductivity of saturated water at temperatures above 100 DC has been investigated by Schmidt and Sellschopp, 53 Vargaftik and Oleshchuk, L5 and Rastorguyev et al. R2 Schmidt and Sell-schopp83 measured the thermal conductivity of saturated water at temperatures up to 269 DC; they were the first to note that the thermal conductivity of saturated water goes through a maximum at a temperature of about 130°C. Vargaftik and Oleshchuk V6 measured the thermal conductivity at temperatures up to 350 DC, but the Committee retained only the data below 299°C.
In an early study, Timrot and Vargaftik T3 measured the thermal conductivity of water at pressures up to 392 bar and temperatures up to 331 DC. The measurements of Le Neindre and co-workers LS cover pressures up to 507 bar at temperatures up to 370°C and include data for water at the saturation boundary up to 240 DC.
At the time that the first international formulation for the thermal conductivity of water substance was prepared, experimental information for the thermal conductivity of water at pressures beyond 500 bar was very limited. Bridgman B7 had investigated the thermal conductivity of water at pressures up to 12000 bar at 30 and 75 DC in a pioneering study which is now mainly of historic interest. Lawson et al. L3 had investigated the thermal conductivity of water at pressures up to 7845 bar at temperatures up to 130°C.
A significant body of new experimental data has' become available since 1968. The thermal conductivity of water at elevated pressures has been investigated by a number of experimenters in the USSR. A1 ,C2,T5,R2 Cherneeva c2 measured the thermal conductivity of water and steam at pressures between 100 and 1000 bar and at temperatures up to 700 DC, but the Committee considered only the data reported for liquid water at temperatures between 100 and 350°C. The meaSurements of Tarzimanov and Lozovo'i T5 cover pressures between 29 and 983 bar at temperatures up ,to 155 DC. Rastorguyev and co-workers R2 have investigated the thermal conductivity of water at pressures up to 2010 bar in the temperature range from -15 to 210 DC induding saturated water in this temperature range; these measurements supersede earlier work reported by Rastorguyev and Pugach.R3 The data of Amirkhanov and co-workers A1 ,A4 cQver pressures up to 2453 bar at temperatures up to 350 DC. In the USA, Castelli and StanleyC3 have reported thermal conductivity measurements at pressures up to 1400 bar, but in the limited temperature range from 2 to 30 DC. The thermal conductivity of water at elevated pressures has also been investigated by two groups of researchers in Japan. M 4-M6,T8,Yl,Y2 The data of Takizawa et ala T8 refer to pressures up to 487 bar at temperatures between 0 and 100 dc. The measurement~ of Minamiyama and Yata M 4-M6,Yl,Y2 extend to pr~~sures up to 1470 bar and temperatures up to 420 DC. Very recently, after the new international formulation had been ' completed, Dietz et ala in Germany have reported experimental thermal conductivity data for water up to 3500 bar at temperatures up to 250 DC. Dl, D2 ' 
Description of International Formulation
General Comments
The Release on Thermal Conductivity of Water Substance, reproduced in Appendix I, contains two recommended interpolating equations for the thermal conductivity of fluid H 2 0: a Recommended Interpolating Equation for Scientific Use and a Recommended Interpolating Equation for Industrial Use. For the sake of brevity, we shall in the sequel refer to these recommended interpolating equations simply as the "scientific" and the "industrial" thermal conductivity equation. The two interpolating equations differ in the way they represent the enhancement ofthe thermal , conductivity of steam in the critical region. In the scientific thermal conductivity equation, the thermal conductivity diverges towards an infinite value at the critical point as predicted by the modern theory of dynamic critical phenomena and supported by experimental evidence. B8 ,s17 The industrial thermal conductivity equation yields a simplified approximation of this enhancement effect with a finite value of the thermal conductivity at the critical point. In addition, the Release contains tables of the thermal conductivity of water substance at a uniform grid of pressures and temperatures and also of the thermal conductivity of the saturated vapor and the saturated liquid at integral J. Phys. Chern. Ref. Data, Vol. 13, No.3, 1984 temperatures. Sp~cifically, three .sets of thermal conductivity tables are presented: a set of tables with thermal conductivity values calculated from the scientific thermal conductivity equation (Tables 1.5 and 1.6 in Appendix I), a set of tables with thermal conductivity values calculated from the industrial equation (Tables 1.3 and 1.4 in Appendix I) and a set of tables with critically evaluated experimental data reduced to a uniform grid (Tables 1.1 and 1.2 in Appendix I), to be referred to as Skeleton Tables for the thermal conductiv-' ity. The Skeleton- Table values were deduced from the experimental data by Scheffler, Rosner, and Grigull of the Technical University at Munich s18 with the aid of the same mathematical algorithm as was previously employed in the construction of a Skeleton Table for the viscosity of water substance~1,S2,819; a description of this algorithm can be found elsewhere. 82o In addition. the Skeleton Tables give values for the tolerances oil, which constitute estimates of the accuracy with which the thermal conductivity is known and agreed upon by the Special Committee.
It should be emphasized that all three sets of tables in fact represent critically evaluated experimental data reduced to a ,unjform grid and the tabulated values agree within the assigned tolerances oil. The difference is that the tables of calculated thermal conductivities contain smoothed values obtained by what one could call a global averaging procedure, while the Skeleton Table values are not smoothed, since they were obtained by a local averaging procedure. It is the opinion of the Committee that the quality of other possible interpolating equations for the thermal conductivity of water substance should be judged on the extent to which such equations reproduce the original experimental data as contained in the International Input, supplemented with any new thermal conductivity data, and not on the extent to which they would reproduce the thermal conductivity values listed in the Skeleton Tables.
The new international formulation for the thermal conductivity of water substance has been endorsed by lAPS for a range of temperatures and pressures bounded by o DC<;T<;8oo DC.
(3.1) o MPa<;P<; 100 MPa.
Recommended Interpolating Equation for
Scientific Use
The scientific thermal conductivity equation is expressed in terms of dimensionless variables for the temperature T, the density p, and the pressure P. For this purpose, we introduce the reference constants T* = 647.27 K, p* = 317.763 kg/m 3 , (3.2) and define a dimensionless temperature T, a dimensionless density p, and a dimensionless pressure P as
The temperatures in this paper are expressed in terms of the international practical temperature scale of 1968 (IPTS 68)13 unless indicated otherwise. The reference constants T *, p* , The function Ao(T).is defined by 6) and with coefficients a~ given in Table 2 . The function
with coefficients b ~ given in Table 3 .
It is notcd that thc mathcmatical forms ofthc functions ( 1
I=OJ=O T· with f..l* = 1 X 10-6 Pa·s, and . . with coefficients a~ and b t given in Tables ~and 5.
The functions P,o(T) and p, I (1 ',,0) with the aid of the IFC 68 formulation. Specifically, we list the relative difference (A82 -A68)/ t5A, where t5A is the tolerance, at the pr~ssures and temperatures ,corresponding to the Skeleton Table values. It is seen that this relative difference is much smaller than unity at all pressures and tempetatures and we conclude that the two procedures lead to equivalent values for the thermal conductivity of water substance whose differences lie well within the accuracy agreed upon by lAPS. Accordingly, the Release on Thermal Conductivity, as amended in 1982, recommends that the scientific thermal conductivity equation be used in conjunction with the lAPS 82 formulation for the thermodynamic properties. It was demonstrated in an earlier paper that a better fit to the available experimental viscosity data is obtained by selecting an alternative set of coefficients in Eq. (3.10) for the function III (7', pl. W2 Hence, an alternative procedure for calculating the thermal conductivity is obtained, if we substi- The thermal condnctlvity of water ~nh~tance, calcll1at-ed from'the recommended interpolating equation for scientific use, is shown in Fig. I as a function of temperature along selected isobars and in Fig. 2 as a function of pressure along selected isotherms. The thermal conductivity exhibits a pronounced enhancement in the critical region. This phenomenon is illustrated in more detail in Figs. 3 and 4 where the thermal conductivity in the critical region is shown as a function of density at selected temperatures and pressures. The enhancement in the thermal conductivity near the critical point is related to the divergent behavior of the compressibility XT' as given by Eq. (3.12) . This relationship finds its origin in the fact that the enhancement in the thermal conductivity is a function of the correlation length which diverges at , the critical point and which in tum can be related to the isothermal compressibility, B8 as further discussed in Sec. 4.3. Re1ating the critical enhancement of the thermal conductivity to the compressibility has the added advantage that the thermal conductivity becomes infinite at the same critical parameter values where the compressibility, thermal expansion coefficient, and specific heat also become infinite, thus ensuring consistency between the thermal conductivity and the ,thermodynamic properties near the critical point. this feature is important if one wants to calculate properties such as the Prandtl number and the thermal diffusivity which involve combinations of thermodynamic and transport properties, and also if one wants to use the thermal conductivity equation with other equations of state. This advantage would be lost, if one were to represent the divergent critical enhancement function AAT, p} by an explicit function of temperature and density as proposed by some other in vestigators. AS,A6
A complication arises due to the fact that the lAPS 82 formulation for the thermodynamic properties of water substance ceases to be correct at temperatures and densities in the immediate vicinity of the critical point. Specifically, the range of validity of the lAPS 82 formulation does not include a region around the critical point where 12 (3.15) and where Tc andpc are the temperature and density of the critical point. 12,K6 There exists an international agreement that the critical point of steam is located within a region bounded b y I4,K6 0.1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Recommended 'Interpolating Equation for Industrial Use
For industrial applications, the thermodynamic properties of water substance are often calculated from the IFC 67 Formulation for Industrial Use. Ml However, the IFC 67 .c t- 
.The industrial equation is expressed in terms of a dimensionless temperature T' and density p" , Y3 The function d; = 0.0701309 d 2 = 0.0118520 d 3 = 0.001 699 37 d 4 = -1.0200 C 1 = 0.642 857 C 2 = -4.117 17 C 3 = -6.179 37 C 4 = 0.003 089 76 C 5 = 0.082 299 4 C 6 = 10.0932 and with coefficients a" given in Table 7 . The function
with coefficients b i and B; given in Table 8 . The function
(3.23)
Here Q and S are functions of
The coefficients d i and C i in Eq. (3.23) are given in Table 9 . Table 13 in Appendix I gives the values for A calculated from the industrial thermal conductivity equation at a uniform grid of pressures and temperatures. critical point but reaches a finite value of 0.836 W m -1 K -J.
In Table 10 we show the differences between the thermal conductivity values Aind' calculated from the industrial equation, and the thermal conductivity values Asci' calculated from the scientific equation, at a uniform grid of pressures and temperatures. Specifically, we list the percentage differences in (A ind -Asci)l Asci' Significant differences appear in the supercritical region ,at temperatures up to 425 °C and pressures between 22.5 and 27.5 MPa and also in the region of high temperatures and high pressures, i.e., at temperatures above ~OO "c and pressures above 4:; MPa. In the latter region, the differences increase up to 8%. The primary source of experimental information for steam at high pres- As noted in the Release, an alternative thermal conductivity equation for industrial use has been proposed by Watson. W3 This alternative industrial equation for the thermal conductivity is presented in Appendix IV.
Discus'sion of International Thermal
Conductivity Equations
Comparison with International Input
In Tables 11 and 12 we present a comparison between the thermal conductivity as calculated from the international equations and the experimental data contained in the International Input. For each source of N experimental data points, we give the average percentage deviation N (100/ N) 2: (A i 
and the root-mean-square percentage deviation
In addition, we give the number n of data points exceeding stated multiples of their evaluated uncertainty. For these uncertainties; we used the error estimates assigned by the Committee as given in Table 1 with the following exceptions. For the data of Challoner and Powell, Cl we reduced the There are two regions where one can make some contact with theoretical considerations. These regions are the dilute-gas limit and the neighborhood of the critical point. We, therefore, discuss the behavior of the thermal conductivity in these regions in some further detail.
Thermal Conductivity of Gaseous H 2 0 at Low Pressures
In Fig. 9 we compare experimental thermal conductivity data for water vapor and steam at pressures up to 1 atm with the values calculated from the scientific thermal conductivity equation. The figure shows that there exists a considerable spread between the experimental data in the literature. Furthermore, the differences between successive measurements of the same laboratoriesB5.L6.L7.T1.V2-V4.VlO.V12 are of the same order of magnitude as between measurements from different laboratories. The equation represents the data as a function of temperature without any apparent systematic deviations. A corresponding deviation plot for the industrial thermal conductivity equation can be found in the article of Yata and Minamiyama. Y3 At sufficiently low pressures, the thermal conductivity -4i- J. Phys. Chem. Ref. Data, Vol. 13, No.3, 1984 between 72 Fig. 9 ; the scientific thermal conductivity equation reproduces these data with a maximum deviation of 1.8% at 50°C. ' Attempts to predict the dilute-gas thermal conductivity for H 2 0 from the kinetic theory of gases have been made by Baker and Brokaw, H6 higher temperatures to within the stated tolerances. Ol The application of the kinetic theory of gases to gaseous H 2 0 was further considered by Thoen-Hellemans and Mason to investigate the consistency of the thermal conductivity data for stearn against the more accurate viscosity data. TI2 They concluded thatthe dilute-gas viscosity and thermal-conductivity values of the ·196-1 Skeleton Tables were theoretically consistent within the stated tolerances of these table values. However, they also suspected that the thermal conductivity values of the 1964 Skeleton Tables were low by a few percent and concluded that none of the values were too high. The new international formulation for the viscosity of water substance S2 agrees with the dilute-gas viscosity values of the 1964 Skeleton Tables to wen within 1 % at all temperatures above 125°c' However, contrary to the suggestion of Thoen~Hellemans and Mason, the new Eqs. (3.5) and (3.20) adopted for the dilute-gas thermal conductivity lead to values between 425 and 700°C that are some 0.5% and 1% lower than the 1964 Skeleton Table values and it appears that the thermal conductivity 'of steam even at low pressures is not fully understood theoretically.
The initial density dependence:; of the thermal conductivity in the gaseous phase at low pressures can be represented by
We refer to BAas the second virial coefficient of thermal conductivity. Theory predicts that the first derivative Eq.
(4.2) exists but that higher-order derivatives diverge in the zero-density limit. K7 This relationship between S and X T also holds to a good approximation at densities other than the critical density. 827 Substitution ofEq. The critical enhancement in the thermal conductivity is present in a large range of densities and temperatures aro-pnd the critical point. As a consequence, it is 'd,iffipult to determine the parameters in the critical enhancement term ..12 = AA and the ideal thermal conductivity Aid. = ..loA 1 independently. In practice an iterative procedure was used. First, a preliminary equation for the ideal thermal conductivity Aid in Eq. (4.5) was adopted, assuming that the temperature dependence of the eicess ideal thermal conductivity Aid -)"'0 could be neglected in the critical region. Next, the amplitude A ufthe critical enhancement was determined from the val- with the assigned weights given in Table 11 . The problem of determining optimum values for the coefficients b ~ was then reduced to a linear regression problem. We note that the viscosity f.l also shows a critical enhancement in the vicinity of the critical point. B11 ,S2,W2 However. unlike the therm~ 1 conductivity, the viscosity exhibits only a weakly singular behavior observable in an extremely small range around the critical point as further discussed in Appendix III. This weakly singular behavior of the viscosity near the critical pOint has been neglected in Eq. the critical region, as represented by the thermal conductivity equation for scientific use, is compared with the detailed set of experimental data of Sirota and co-workers ss in Figs. 12, 13, and 14. In Fig. 12 we show the values deduced from the scientific thermal conductivity equation of state which was used in the original determination of the values of the coefficients in the scientific thermal conductivity equation. In Fig. 13 we show the values deduced from the scientific thermal conductivity equation when calculated with the aid of the newly adopted lAPS 82 formulation for the equation of state. In Fig. 14 we show· the values deduced from the scientific thermal conductivity equation, when in the region bounded by (111.1) the lAPS 82 formulation is replaced with a scaled fundamental equation L8 as further discussed in Appendix III. It should be noted that any comparison between the calculated values of thermal conductivity and the experimental data close to the critical point is rather sensitive to any uncertainties in temperature, or more specifically the temperature differences T -Te to be attributed to the experimental data. B8 Hence, it is concluded that all three procedures mentioned here yield equally acceptable representations of the behavior of the thermal conductivity of steam in the critical region.
In Fig. 15 we present a comparison between the experimental data of Sirota et al. in 
Thermal Conductivity of Saturated Vapor and Saturated Liquid
Values implied ·by the new international formulation for the thermal conductivity A liq ( = A ') of the saturated liquid and of the thermal conductivity Avap ( = A ") of the saturated vapor are presented in Tables 1.2, 1.4, and 1.6. The thermal conductivity of fluid H 2 0 at the saturation boundarybetween the triple-point temperature 1't = 273.16Kand the critical temperature Te = 647.067 K can be represented by the auxiliary equations
(4.14) 
Thermal Conductivity of Fluid H 2 0 at High Pressures
The international therm.al conductivity equations, presented in Sees. 3.2 and 3.3, have been certified by lAPS for use at pressures up to 1 00 MPa~ The reason is that the IFC 67 Formulation for the Thermodynamic Properties of Water Substance for Industrial Use, coupled with the industri~l thermal conductivity equation, and the IFC 68 Formulation for the Thermodynamic Properties of Water Substance originally employed with the scientific thermal conductivity equation, are themselves only valid at pressures up to 100 MPa. However, the new lAPS 82 Formulation, which supersedes the IFC 68 Formulation, is valid at pressures well above 100 MPa. Hence, it is of interest to investigate whether Eq. (3.4), when combined with the lAPS 82 Formulation for the thermodynamic properties, can be extrapolated to pressures beyond 100 MPa.
As can be seen from the information in Table 1 13, No.3, 1984 In order to specify the range of validity of the thermal conductivity equation, we adopt the criterion that the equation shou ' in good agreement with the equation. However, an important source of the difficulty is the existence of significant systematic deviations when the data of Amirkhanov et al. A4 are compared with those of other investigators as well This is evident when the data of Amirkhanov et al. A1 Fig. 18 as a function of temperature along selected isobars; since the Prandtl number becomes infinite at the critical point we have plotted the inverse Prandtl number 1/ Pro The thermal diITusivily DT i::> shuwn in Fig. 19. Frum Figs. 18 and 19 ,it is seen that the new international equations adopted by lAPS give a smooth representation of the Prandtl number and the thermal diffusivity.
EOUATIONS FOR THE THERMAL CONDUCTIVITY OF WATER SUBSTANCE
Because the IFC 67 formulation for industrial use is not suitable for calculating the specific heat c p ' the equations for industrial use are not recommended for calculating the Prandtl number or the thermal diffusivity.B9,s21 
EQUATIONS FOR THE THERMAL CONDUCTIVITY OF WATER SUBSTANCE
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Contents of this Release
The Special Committee considers that the existing data in the literature which have been collected in the document "Available Input of the Thermal Conductivity of Water Substance. H by K. Scheffler. N. Rosner. and M. Reimann, Institute A fuer Thermodynamik, Technische Universitaet Muenchen, January 1974, last revision December 1977, are not sufficiently accurate and precise to allow definition of a two-dimensional representation that satisfies all of the criteria for smoothness and physical plausibility that can logically be required of it. The Special Committee draws attention to this fact and hopes that additional measurements of superior quality will become available in the future, especially in the high-pressure and temperature region of ste~m where the lack of data is obvious. ' Each formulation considered by this Committee represents all the available data for the thermal conductivity of water substance and the Tables of Critically Evaluated Experimental Data within the latter's tolerances.
At the present time, the Special Committee issues a Representation consisting of five appendices as follows:
Appendix IA. Critically Evaluated Experimental Data 635 670 697 713  729  715  682  634  566  525  476  11  12  13  13  14  14  14  13  12  45   42   38  65.0 592 638 673 699 715  733  718  688  639  574  535  489  11  12  13  14  14  14  14  13  12   46   43  39  70.0 597 639 674 702 718  735  721  691  645  582  546  499  11  12  13  14  14  14  14  13  12  47  44  40  75.0 599 641 675 705 720  738  725  696  643  589  5-54  511  12  12  13  14  14  14  14  13  13  47  44  41  80.0 599 645 677 707 723  739  729  699  653  598  564  521  12  12  13  14  14  14  14  14  13  48  45  42  85.0 601 646 680 706 726  742  732  702  659   604   571  532  12  12  13  14  14  14  14  14  13  48  46  43  90.0 604 648 681 710 728  745  735  707  665  611  578  544  12  13  13  14  14  14  14  14  13  49  46  44  95.0 608 650 685 713 731  748  739  711  669  615  SS6  553  12  13  13  14  14  15  14  14  13  49  41  44  100.0 609 650 686 116 735  749  742  715  672  624  594  561  12  13  13  14  14  15  14  14  13 50 47 45 354  297  244  184  162  154  152  153  1S5  32  28  24  20  15  13  12  12  12  12  60.0 423  366  322  27i  207  176  164  159  159  161  34  29  26  22  16  14  13  13  13  13  65.0 438  387  332  299  228  191  175  168  166  167  35  31  26  24  18  IS  14  13  13  13  70.0 453  406  355  322  253  205  186  178  173  173  36  32  28  26  21  16  15  14 is the reduced isothermal compressibility, T *, P *, and p* denote numerical constants which are close to, but do not represent the corresponding critical constants, C, ill, A, B, ak' bij are numerical constants listed below. To reproduce the values given in Appendix IE, the density, the isothermal compressibility, as well as the partial derivative (ap /aT)p should be calculated with the aid of the Provisional lAPS Formulation 1982 for the Thermodynamic Properties of Ordinary Water Substance for Scientific and General Use; otherwise, a consistent formulation must be adhered to. However, the Recommended Interpolating Equation for Scientific Use should not be employed in conjunction with the 1967 IFC Formulation for Industrial Use. If another density formulation is used, a relative departure ± ~p/ p induces at most a relative departure ± LlA / .It = 2I.lp/p, except for the near-critical region. Smoothed values obtained with the aid 9fEqS. (I~ 1 )-(1.9) .
of Appendix IB togetlier with the constants listed therein, and density values based on the 1967 IFe Formulation for Industrial Use.
(Note: The tabular entries contain more significant digits than is justified by the tolerances listed in Table 1 .2 to assist in programming.) (Note: The tabular entries contain more significarit digits than is justified by the tolerances listed in (Note: The tabular entries contain more significant digits than is justified by the tolerances listed in Table 1 .2 to assist in programming.) An examination of this'alternative thermal conductivity equation for scientific use is documented in a technical report. K5 It covers the saine range pf temperatures and pressures, Eq. (4.17), as the international thermal conductivity equation for scientific use.
Appendix IE
Values for the thermal conductivity A. calculated from this alternative thermal conductivity equation for scientific use over a uniform grid of pressures and temperatures are presented in Table 11 .2. The values are very close to the values calculated froTh the international thermal conductivity equation for scientific use given in Table 5 of Appendix I. We present'Tahle II.2 fOf those users who want to check thelf computer program when using this alternative form of the thermal conductivity equa'tion for scientific use.
Appendix III Thermal Conductivity in the Immediat~
Vicinity of the Critical Point
A calculation of the thermal conductivity and related properties, such as the Prandtl number and thermal diffusivity in the immediate vicinity of the critical point is complicated by the fact that A, J.l, X n C p' and C v all ~iverge at the critical point. Since the actual temperature a~ which these properties become infinite will depend on the specific critical temperature implied by the: representative equation used fUl' the thermodynamic surface, we prefer to consider these properties near the critical point as functions of the tempera- The calculation of the viscosity J.l in the immediate vicinity of the critical PUilll was uiscusseu in preceding papers. S2 ,W2 Therefore, we restrict the discussion here to the behavior of the thermal conductivity A in the vicinity of the critical point. In Fig. 20 we show the thermal conductivity in the critical region as a function of density at selected values of.d T = T -Tc as calculated from Eq. (3.4) in conjunction with the lAPS 82 fonnulation. As can be seen from Fig. 20 , the thermal conductivity thus calculated displays improbable features at the isothenn closest to the critical temperature; at.a T = 0.01 K the maximum critical enhancement in A has shifted to a density well below the critical density p.". The lAPS 82 formulation for the thermodynamic properties of water substance is analytic at the critical point. The modem theory of critical phenomena asserts that analytic equations cannot accomodate the divergent critical behavior of the thermodynamic surface correctly.S27 To alleviate this difficulty Haar and co-workers incorporated in their analyt-!.c equation Gaussian-shaped deviation functions which led ~o improved agreement with the experimental data in" the critical region H1 ; however, these terms cause nonphysical behavior of some thermodynamic properties in the range specified by Eq. In practice, we prefer to use the alternative thermal conductivity equation for scientific use, described in Appendix II, since it is related to a version of the equation for the viscosity J..l which is better suited for the viscosity in the critical region as well. The values thus calculated for the thennal conductivity in the critical region are shown in Fig.   2l .
On comparing the range, Eq. (111.1), with the range, Eq. (3.15), excluded from the lAPS 82 fonnulation, we note that there is a region of overlap where one can use either the lAPS 82 fonnulation or the scaled nonanalytic fundamental equation in calculating A from the thermal conductivity equations for scientific use. The scaled fundamental equation is recommended in cases where it is important that the derivatives of the thermodynamic surface display the behavior expected from the modem theory of critical phenomena. K4 T.
with the coefficients ~ given in Table IV .1. The alternative thermal conductivity equation for industrial use has the same form as Eq. (3.4), except that the term Air, p} in Eq. (3.4) has been omitted and the coefficients b ~ in Eq. (3.7) have been replaced by a new set of coefficients c!}. In this alternative equation for industrial use, no attempt was made to reproduce the strong enhancement of the thermal conductivity in the critical region. This feature is illustrated in Fig. 22 where the values calculated from 
